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Introduction
Immunotherapies targeting various protein aggregates such as amyloid-β (Aβ), tau and α-synuclein are in different stages of clinical development, and are collectively the most common approach taken by the pharmaceutical industry to tackle diseases characterized by such depositions 11, 36, 39, 44 . The majority of these approaches involve whole antibodies and much less attention has been paid to antibody fragments, which have certain advantages that justify further exploration of their therapeutic and diagnostic potential.
The majority of tau-targeting therapies in clinical trials are immunotherapies. Of the nine ongoing clinical trials (for review see 11, 39 ), seven are passive (whole antibodies) and two are active (peptide immunogens). This approach was originally based on successful studies in mouse tauopathy models 3, 4 , which were confirmed and extended by multiple laboratories (for review see 11, 39 ). The use of antibody fragments in this context is less developed but these entities have certain advantages that supports their further development. Previously, we proposed a unique approach to image tau aggregates in vivo, using single chain variable antibody fragments (scFvs), administered intravenously 24 . Importantly, the degree of brain signal correlated very well with tau pathology, indicating the diagnostic promise of this approach. Published findings from us and others show that tau antibodies are primarily taken up into neurons by receptor-mediated uptake, whereas antibody fragments (Fabs and scFvs) are taken up by bulk-mediated endocytosis 3, 9, 19, [22] [23] [24] . All co-localize with tau aggregates within the neurons and more of the fragments get into neurons than antibodies, presumably because of their smaller size 3, 7, 9, 19, 23, 24 .
The similarities in target engagement between antibodies and their fragments, namely binding to intraneuronal tau aggregates in the brain after peripheral injection, suggests that the fragments may also have therapeutic potential. However, this idea has not been well explored.
Most of the studies testing the therapeutic potential of scFvs in Alzheimer's models have targeted Aβ. Several reports show positive effects of therapeutic targeting of Aβ with scFvs 5,13- Here we demonstrate in Drosophila models the therapeutic potential of a particular scFv, that we have previously reported to have a diagnostic imaging potential 24 . Its parent antibody, 6B2, with identical complementarity-determining regions (CDRs) is ineffective in clearing tau or preventing its toxicity in culture or in in vivo models 10, 49 . Transgenic expression of anti-tau scFvs is an efficient way to determine their efficacy in relevant tauopathy models and can support future gene therapy approaches to target pathological tau aggregates.
Results

Transgene expression in fly models
We had previously reported on the diagnostic potential of the anti-tau antibody fragment scFv235 24 . To test the efficacy of this fragment in Drosophila melanogaster models of tauopathy, we used previously described transgenic lines 47 . In these models, human tau (htau) genes either of wild type sequence or with an R406W mutation that underlies a familial form of frontotemporal dementia 20 are expressed in Drosophila neurons through the neuronal specific elav-GAL4 driver [34] . We generated transgenic UAS-scFv235 flies and crossed them with the elav-GAL4 driven tauopathy flies for co-expression to assess scFv efficacy in preventing tauopathy-induced toxicity and mortality.
First, we examined on western blots of fly heads expression of total tau (Tau-5) and hyperphosphorylated tau (PHF-1) in control flies, and in flies expressing wild type or R406W mutated human tau (Figure 1) . As expected, control flies had no tau expression whereas the tauopathy models showed strong tau expression and tau hyperphosphorylation. Likewise, analysis of the scFv235 flies verified their scFv235 expression.
To further examine neuronal expression of tau and scFv235, confocal imaging of brain sections from 3 weeks old flies stained for total tau (tau-5), hyperphosphorylated tau (PHF-1) and the scFv revealed neuronal cells with tau accumulation and scFv evenly distributed throughout the neuronal soma (Figure 2) . Tau and scFv partially co-localized in the neurons as evident in the merged images (0.4 µm optical sections), further confirmed by z-stack image (Supplemental Figure 1) , and at the ultrastructural level as per transmission electron abdomen that progressively developed up to 2-3 weeks of age (p<0.0001), and remained at that plateau through the rest of the lifespan of the flies. This developmental phenotype was also prevented by scFv235 in both models (p<0.0001). Analysis through 21 days is shown. At later time points, a large portion of the tau-R406W flies had died but the pattern for all groups remained the same.
Anti-tau scFv expression prevents neurotoxicity and reduces pathological tau protein in tauopathy fly models
To examine if the reduced mortality in the scFv-tauopathy flies was associated with prevention of tau-induced neurotoxicity and tau clearance, we examined Elav and tau protein levels in flies with or without scFv expression. We noticed from the, immunohistochemical analysis of tau expression, as detailed above, that neurons with high scFv expression generally had lower levels of intracellular Tau (Figure 2) .
Western blot analysis of brain homogenate supernatant at different time points revealed extensive age-associated neurotoxicity, as defined by reduced levels of the neuronal marker Elav on western blots, in both of the tauopathy fly models that was prevented by the scFv (Figure 7) . Expression of Armadillo, a housekeeping cell-adhesion protein expressed in all epithelial cells, did not differ between the groups and it was used to normalize the data.
Specifically, two-way ANOVA analysis revealed treatment and age effects (p<0.0001 for both), and an interaction between the two factors (p=0.0007). Post-hoc analysis showed significant neurotoxicity in the tauopathy models at 21 days (WT: 51% reduction, p=0.0187; R406W: 60% reduction, p=0.0018) and 30 days (WT: 59% reduction, p<0.0001; R406W: 63% reduction, p<0.0001) of age, compared to controls. Co-expression of the anti-tau scFv prevented neurotoxicity at the same ages (WT: p=0.0004 (30 days); R406W: p=0.0472 (21 days), p=0.0012 (30 days)). Likewise, scFv-induced clearance of phospho-tau (PHF-1) was evident in the R406W tauopathy flies but not in the WT tauopathy flies (Figures 8-9 ). It is possible that in the latter model, the scFv neutralizes tau but does not promote its clearance. Analysis of young flies (0-3 days old), normalized for Elav protein levels to take into account neuronal loss, revealed a 78% reduction in phospho-tau in scFv-treated tau R406W flies (p=0.0156), and a strong trend for reduction in total tau (54%, p=0.075). More variance was seen in tau levels in older flies (30 days) but quantitative analysis revealed a 90% reduction in phospho-tau normalized for Elav in scFv-treated tau R406W flies (p=0.0377), and a strong trend for a similar reduction in total tau (87%, p=0.0667). At this age, a large number of the R406W flies were J o u r n a l P r e -p r o o f already dead, presumably those with the most severe tau pathology. Hence, the scFv-mediated benefits in that group on tau clearance are likely underestimated.
Discussion
Our findings show the therapeutic potential of an anti-tau scFv in two different tauopathy Drosophila models. Specifically, neuronal co-expression of scFv235 with mutant (R406W) or normal human tau (WT), substantially improved survival in both tauopathy models, prevented developmental and progressive neurotoxicity in both models, and promoted tau clearance in the R406W model.
Drosophila melanogaster is an ideal model for conducting genetic screens and has been used previously for antibody efficacy studies targeting various protein aggregates 6, 13, 29, 48 . It has not been shown prior to this report to be useful for examining efficacy of tau antibodies or their derivatives. These particular tauopathy fly models were previously characterized and shown to have increased mortality, neurodegeneration as evident by silver staining, and tau immunoreactivity on histological sections and western blots, with a more severe phenotype in the mutant model 43, 47 .
Confocal and electron microscopy analysis of the expression of tau and the anti-tau scFv revealed a partial colocalization (Figures 2-3 ). Interestingly, neurons with strong scFv immunoreactivity often had limited tau immunoreactivity and vice versa supporting scFvmediated clearance of pathological tau. Neurons with colocalization likely reflect ongoing scFvinduced tau clearance. Comparable patterns were seen with antibodies staining nonphosphorylated tau and hyperphosphorylated tau in both tauopathy models. We and others have previously reported on similar intraneuronal colocalization of tau and administered mAb or this scFv in culture and mouse models 3, [7] [8] [9] [10] 19, [22] [23] [24] 30, 37, 38, 49 . Here, the scFv is expressed with a signal sequence that promotes its secretion from the neuron. Secreted scFv may be taken up again into neurons to neutralize pathological tau. Extrapolating from previous studies of this scFv in vivo administration in mice, the secreted scFv is then likely taken up again into the neuron via bulk endocytosis 24 . Within the neuron of mammals, the scFv then colocalizes with the aggregated human tau protein within the endosomal-lysosomal system or possibly within the cytosol as well following the rupture of these vesicles. If the tau clearance mechanism is conserved between Drosophila and mammals, the binding of the scFv to tau may facilitate lysosomal clearance by loosening up the aggregates to allow better access of lysosomal Figure 4 ). The link between tau clearance and the other pathological phenotypes was not clear in the tau-WT model. In those flies, scFv did not appear to clear tau, even though it improved survival, prevented tau-induced neurotoxicity, wing blistering and abdomen extension . This likely reflects lesser sensitivity of western blot tau analysis than the other measures in detecting beneficial effects of the scFv. It is also possible that the scFv neutralizes pathological tau in the tau-WT model but does not necessarily promote its clearance.
A strong trend for clearance of total tau was observed in the R406W group. In our previous mouse studies, phospho-selective whole tau antibodies or related immunogens did not affect total tau levels 3, 4, 10 . A key reason for a strong trend for such decrease may be the continuous neuronal expression of the scFv, which likely results in greater efficacy than when the antibody is administered periodically peripherally. In addition, the total tau antibody used for staining recognizes normal and pathological tau as well as mouse and human tau, of which the former should mostly be normal. The endogenous tau-like protein in the fly is not detected by the antibody. Therefore, the ratio of pathological tau to normal tau is likely lower in the mouse than in the fly, which explains why total tau in the mouse is not altered following antibodymediated clearance of pathological tau. Furthermore, as discussed previously, therapeutic tau antibodies will primarily react with pathological tau within degradation pathways in the cell, regardless of which tau epitope they recognize 39, 40 .
Similar abnormal wing phenotype has been described in different tauopathy Drosophila models expressing unmutated tau isoforms, in which wing tau expression was driven by the engrailed neuronal driver 12 . However, the progressive tau-induced abdomen extension has to our knowledge not been shown previously in these or other tauopathy fly models. Since we directed the tau expression to neurons and detect extensive neuronal loss in these models , these phenotypes likely relate to neurodegeneration in the peripheral nerves that innervate the wings and abdomen. Its prominence, which is easily rated, adds convenient parameters to analyze the functional consequences of tau-mediated neurodegeneration and its prevention by various therapeutic approaches.
Expression of the scFv did not appear to have any detrimental effects as reflected in comparable survival curves of WT and scFv expressing flies, normal wing and abdomen J o u r n a l P r e -p r o o f appearance and no signs of neurotoxicity as measured by Elav levels (Figures 4-7) . This bodes well for its possible use as a gene therapy to treat tauopathies. It is interesting to note that the parent whole monoclonal antibody, 6B2, from which this scFv was derived, is ineffective in various culture and in vivo tauopathy models 10,49 , despite having a sub-nanomolar affinity for its phospho-tau immunogen 24 , and the same binding regions (CDRs) as the scFv, which has about 2500 times lower affinity for the immunogen than 6B2 24 . Importantly, 6B2 is ineffective even though it is readily detected within brain neurons or neuron-like cells in culture or following an intravenous injection in tauopathy mouse model 10, 19, 24, 37, 38, 49 . This indicates that strength of binding to this tau epitope correlates negatively with efficacy, and the therapeutic benefits may also be influenced by antibody size and mode of delivery. These features need to be taken into account in ongoing clinical development of this approach. To further clarify this, future studies should compare the efficacy of 6B2 and its scFv using the same delivery approach in the same model. We had previously shown that the charge of another whole anti-tau antibody against the same phospho-tau region, 4E6, can substantially affect its neuronal uptake and efficacy even though the CDRs have the same sequence 8 . Also, 4E6, is very effective in various culture and in vivo assays, despite having much lower affinity for the immunogen than 6B2 8,10,49 . Hence, counterintuitively, lower affinity against this tau region is associated with greater efficacy. This is also supported by the fact that a chimeric engineered version of 4E6 has substantially increased binding to aggregated tau compared to the parental 4E6 but less efficacy in neutralizing tau toxicity 8 . In addition, the unmodified 4E6 preferably binds to soluble tau, compared to 6B2 and chimeric 4E6, which primarily recognize aggregated tau 8,10 . Together, these findings suggest that the low affinity antibody against this tau region may loosen up the tau aggregates within these vesicles, allowing better access of lysosomal degrading enzymes. Conversely, the high affinity antibody may make these aggregates more compact and therefore more difficult to degrade. Concurrently, the low affinity antibodies against this region primarily bind to soluble pathological tau, which may be more toxic than aggregated tau 8,10 .
At present time, there are no treatments available that slow, halt or reverse tau pathology or affect in any way the progression of the associated clinical symptoms. Alzheimer's disease is the most common tauopathy but there are numerous other diseases that are in part or wholly defined by age-related tau lesions, mostly in neurons but sometimes in glia. Tau immunotherapies are currently the most common approach in clinical trials to attempt to treat these diseases, with at least eleven therapies in clinical trials 1, 2, 11, 39 . Nine of these are passive immunizations using whole antibodies and two are active immunizations that seek to generate an anti-tau antibody response. A trial with one antibody was discontinued, presumably for J o u r n a l P r e -p r o o f Journal Pre-proof pharmacokinetic reasons 11, 39 . This approach is supported by numerous preclinical studies from multiple laboratories that have repeatedly shown the efficacy of tau immunotherapies in clearing pathological tau and preventing associated functional deficits 11, 39 . The efficacy of antibody fragments has not been extensively examined but the findings to date are supportive indicating tau clearance and when assessed, functional improvements as well 21, 32, 41, 45 . Specifically, peripheral administration or lentiviral expression of anti-tau scFvs leads to clearance of pathological tau within the brain in mouse models 32,41 , and similar benefits are seen when scFvs are expressed in the brain via AAV-vectors 21,45 .
In summary, our findings show for the first time that anti-tau scFv expression in Drosophila tauopathy models prevents or attenuates the development of various tau-induced phenotypes, including unexpanded wings, extended abdomens, neurotoxicity and ageassociated mortality. Drosophila is an ideal model to further examine the mechanisms of these beneficial effects to improve this promising therapeutic approach, which has led to nine ongoing clinical trials.
Materials and Methods
Drosophila genetics
All Drosophila stocks were cultured in standard cornmeal medium at 25 °C. All transgenes were expressed through the Gal4/UAS system. Specifically, the indicated UAS lines were crossed to flies containing Elav-Gal4 c155 , a neuronal Gal4 driver on the X chromosome (Bloomington Stock Center # 458). To express mutant and wild type htau, we used the previously described UAS-tau WT and UAS-tau R406W lines, which express the longest isoform of tau, at levels estimated to be 0.5 and 0.4 fold, respectively, of tau levels per protein in normal human brain homogenate 47 .
To study the in vivo efficacy of anti-tau scFv, the scFv235 transgene with an HA tag fused to the C-terminus was subcloned into the pUAST plasmid and sent out to generate a stable transgenic line (Bestgene Inc.) through standard P-element transgenesis techniques 34 . A transgenic line inserted in the 2 nd chromosome was used for our analysis. As a negative control for UAS-ScFv235, we used a control UAS-GFP NLS (Bloomington Stock Center # 4775). Using this approach, we generated flies expressing the following transgenes: 1) controls (naïve and elav-GAL4), and flies expressing: 2) scFv235; 3) wt human tau (htau) + GFP (control); 4) J o u r n a l P r e -p r o o f R406W human tau (R406W htau) + GFP (control); 5) scFv235 + htau; and; 6) scFv235 + R406W htau.
The amino acid sequence of ScFv235 construct is as follows with the scFv sequence in
bold: M K K T A I A I A V A L A G F A T V A Q A A E L D V V M T Q T P L T L S V T I G Q P A S I S C K S S Q S L L Y S N G K T Y L N W L L Q R P G Q S P K R L I Y L V S K L D S G V P D R F T G S G S G T D F T L K I S R V E A E D L G V Y Y C V Q G T H S P L T F G A G T K L E L K S S G G G G S G G G G G G S S R S S L E V Q L Q Q S G P E L V K P G A S V K I S C K T S E Y T F T E Y T K H W V K Q S H G K S L E W I G S I N P N N G D T Y Y N Q K F T D K A T L T V D K S S T T A S M E L R S L T F E D S A V Y Y C A M G D S A W F A Y W G Q G T L V T V S A A K T T P P S V T S G Q A G Q H H H H H H G A Y P Y D V P D Y A S
Preceding the scFv sequence is a leader sequence with a signal peptide directing its secretion. The scFv sequence is composed of a variable light chain that is connected to a
variable heavy chain via a linker, S S G G G G S G G G G G G S S R S S. Following the scFv sequence is an antibody constant domain, G T L V T V S A A K T T P P S V T S G Q A G Q followed by a His tag (H H H H H H H) and an HA tag (G A Y P Y D V P D Y A S).
Phenotypic analysis
Age-dependent toxicity was assessed by survival curves. Specifically, newly eclosed flies were collected for a period of two days, and their survival was monitored over the indicated time period. The flies were passed into new vials with fresh food every three days. Since htau R406W expressing male flies failed to eclose to adulthood in 25 °C (likely because Elav-Gal4 is on the X chromosome), the survival studies were done with female adult flies only.
The wing expansion phenotype was scored after one day of adult eclosion. Newly eclosing wild type flies emerge with unexpanded wings that appear small and dark in color. After a few hours, CCAP-expressing neurons trigger the expansion of the wings, which then appear larger and largely transparent 27, 33 . Possible defects in this process was assessed under the light microscope.
To score the abdomen phenotype, we developed a system where a normal abdomen morphology was given a score of 1, and the most bloated-appearing abdomens were given a score of 5. The scores were given at each time point when fly survival was assessed.
Six groups of flies were employed for the phenotypic analysis. For the WT control, an oregon-R stock was used. To obtain the other five groups of flies, crosses were set up as follows: scFv: elav-Gal4 x scFv235, Tau WT : elav-Gal4 x uas-GFP/Cyo;uas-tau WT , Tau WT + scFv: elav-Gal4 x uas-scFv/Cyo;uas-tau WT , Tau R406W : elav-Gal4 x uas-GFP;uas-tau R406W , Tau R406W + J o u r n a l P r e -p r o o f scFv: elav-Gal4 x uas-scFv;uas-tau R406W . The progeny resulting from this WT stock and these crosses discussed above eclosed over a period of three days. When 0-3 day old flies were collected on the third day, Day 0 was determined as the midpoint of this range. Flies were scored for wing and abdominal phenotype the day the progeny were collected, and then rated on their abdomens once a week over a span of five weeks. Wing phenotype was rated as expanded or unexpanded and abdominal phenotype was scored from 1-5. This scoring was repeated with different groups of flies of the same genotypes. For graphing purposes, a range of four days was created to compile all scoring data. These ranges allowed for a Day 0 point for both the wing and abdominal graphs, as well as the plotting of abdominal values on the week mark.
Immunohistochemistry and Western Blots
For immunohistochemistry, adult brains were dissected and fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) for 20 minutes before incubation with antibody. For subsequent steps, antibody labeling was performed in PBS-Tx (PBS containing 0.4% Triton x-100). The fixed tissues were incubated with the indicated primary antibody for 1 hour at room temperature, followed by incubation with a secondary antibody for another hour.
These samples were washed in PBS-Tx three times for ten minutes each before mounting and visualization. All fluorescent images were obtained using an LSN700 confocal microscope (Zeiss). For co-localization studies in Figure 2 , 40x water immersion lens was used, with an optical section of 0.4 µm. A representative image in Figure 2G confirming colocalization was reconstructed vertically using z-stacked images in Image J (shown in Supplementary Figure 1) .
For western blots, five adult fly heads were lysed in 50 µl of the lysis buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, protease inhibitor cocktail (Roche), 1 mM EDTA, and 1% SDS). After centrifugation for 20 min at 5400 x g, seven µl of such lysates were loaded into each well of SDS-PAGE gels (12%) for electrophoresis. The proteins on gels were transferred to PVDF membranes using standard western blot protocols. After blocking the membranes with a blocking solution (5% dry milk in PBS with 0.1% Triton x-100), the membranes were subsequently incubated with primary antibodies for 1 hour followed by peroxidase-conjugated secondary antibodies (Jackson Immuno Research). The bands were visualized on X-ray films after incubation with the ProtoGlow ECL detection kit (National Diagnostics). The band intensities were measured by quantifying the pixel intensities using Image J. The following antibodies were used: Rat anti-Elav (Elav is a neuronal marker, DSHB Univ. of Iowa; 7E8A10; 1:1000 for western blot); mouse anti-armadillo (Armadillo is a housekeeping gene. Its protein is J o u r n a l P r e -p r o o f the Drosophila homolog of β-catenin and has roles in cell adhesion and cell signaling, DSBH Univ of Iowa, N2 7A1; 1:10,000 for western blot); mouse anti-tau (Tau-5 (ThermoFisher, nonphosphorylated tau), 1:1000 for westerns, 1:100 for immunohistochemistry, and; PHF-1 (Peter Davies, Feinstein Institute, NY, phosphorylated tau), 1:2000 for western blot, 1:250 for immunohistochemistry); rabbit monoclonal anti-human influenza hemagglutinin (anti-HA, Cell Signaling Technology, C29F4, 1:250 for immunohistochemistry) and rat anti-HA antibody (Sigma, 3F10, 1:250 used for western blots) were used to detect the anti-tau scFv235.
Transmission Electron Microscopy
Young adult Drosophila heads were cut off and fixed with 2% paraformaldehyde and 0.05% glutaraldehyde in 0.1M phosphate buffer (pH 7.2) for 15 mins. Each brain was then dissected and further fixed in the same fixative for 30 mins before change to 2% paraformaldehyde and subsequently stored overnight at 4°C. The brain tissue was then washed with 50 mM glycine, embedded with 10% gelatin, infused with 2.3 M sucrose and cryosectioned at 90 nm on carbon/formvar coated copper grids. The grids were incubated with rabbit anti-HA-scFv antibody (Cell Signaling Technology, Danvers, MA), followed by application of 18 nm colloidal gold conjugated goat anti-rabbit IgG (Jackson ImmunoReasearch Laboratories Inc., West Grove, PA). After 5 min fixation with 2% paraformaldehyde and a wash with 50 mM glycine, grids were then incubated with Tau-5 or PHF1 anti-mouse antibody, followed by 6 nm colloidal gold conjugated goat anti-mouse antibody (Jackson ImmunoReasearch Laboratories Inc.). The grids were subsequently fixed in 1% glutaraldehyde for 5 min, washed with distilled water, contrasted and embedded in a mixture of 3% uranyl acetate and 2% methylcellulose. All stained grids were examined under a Talos120C electron microscope (Thermo Fisher Scientific, Hillsboro) and photographed with a Gatan (4Kx4k) OneView camera. phospho-tau (PHF-1, p=0.0156) was detected in the tau-R406W group but not in the tau-WT group. * p<0.05. Each data point was obtained from 3-5 batches of 5 fly heads. Arm levels did not differ significantly between the groups (data not shown). Of the two Arm bands, the lower band was quantified to normalize Tau levels. 
Statistics
